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Objective: Persistent or recurrent symptoms after surgical treatment for neurogenic thoracic outlet syndrome (nTOS) is a
problem commonly encountered by high-volume referral centers. The mechanical etiology patterns at reoperation include
(1) inadequate previous rib resection, (2) rib regrowth, (3) scar tissue formation, or (4) intact scalene muscle. Reoperative
TOS surgery has signiﬁcant potential morbidity, and therefore, careful patient selection and meticulous planning are
required. This study evaluated the utility of multidetector computed tomography (CT) in the differential diagnosis of
patients with recurrent or persistent nTOS.
Methods: A retrospective record review was performed of a nTOS referral practice of patients treated from 2003 to 2012 to
focus on patients reoperated on for recurrent or persistent symptoms. In 2003, a dedicated high-resolution multidetector
TOS CT protocol was established to assist in clinical decision making and reoperative planning. A single designated
radiologist interpreted all CT images. Imaging, patient clinical characteristics, interventions, and outcomes were
reviewed.
Results: The study group included 20 reoperations for recurrent (n[ 15) or persistent (n[ 5) symptoms. Mean age was
35 years, and 60% of redo cases were in women. Preoperative CT imaging demonstrated the following anatomic patterns:
inadequate previous rib resection in 5 (25%), rib regrowth in 5 (25%), scar tissue formation in 10 (50%), and intact scalene
muscle in 3 (15%). Operative ﬁndings concurred with preoperative imaging in 85% of patients. There were no neuro-
vascular injuries and no major complications. At a mean follow-up of 43 months, improvement or resolution of symptoms
was signiﬁcant in nine patients (45%), moderate in seven (35%), and minimal in four (20%).
Conclusions: Recurrent/persistent nTOS is an often-vexing problem with challenging solutions. These results demon-
strate the utility of a TOS protocol CT scan in providing correlative objective ﬁndings and in assisting with reoperative
planning. Positive radiographic ﬁndings that correlate with patient symptoms inform the decision to reoperate. (J Vasc
Surg 2015;61:469-74.)Since its recognition as a distinct medical problem, the
treatment of neurogenic thoracic outlet syndrome (nTOS)
has relieved the suffering of many patients, allowing them
to return to gainful employment. With appropriate patient
selection in experienced hands, a sustained improvement
can be expected in 80% to 90% of patients.1,2
Reoperative TOS surgery is challenging from a diag-
nostic and technical standpoint. Thoughtful preoperative
planning and meticulous execution of the operative plan
are necessary. In 2003, a dedicated high-resolution multi-
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://dx.doi.org/10.1016/j.jvs.2014.07.008established to assist in clinical decision making and opera-
tive planning. Successful application of an imaging protocol
to assist in patient selection for redo surgery might improve
surgical outcomes.3 The purpose of this study was to eval-
uate the utility of a TOS-speciﬁc CT protocol for patients
with recurrent symptoms.
METHODS
Institutional Review Board approval for a consent-
exempted study was obtained for patient data entry and
analysis.
Study design. A retrospective record review was per-
formed of a TOS referral practice of patients treated from
2003 to 2012. Patient demographics, interventions, and
outcomes were identiﬁed. All patients seen for recurrent
nTOS were initially managed conservatively with physical
therapy.
A review of all TOS CT scans was performed, with
ﬁndings entered into a database. A TOS-speciﬁc CT scan
was used to assist in patient management. A signiﬁcant
anatomic abnormality near the neurovascular structures
was considered a positive CT study. Patients with inade-
quate previous thoracic outlet decompression were offered
completion ﬁrst rib resection. Patients with a positive
CT and symptoms consistent with recurrent nTOS were469
Table I. Patient characteristics
Variables
No. (%) or mean
(range) (n ¼ 20)
Age, years 34.8 (15-47)
Male gender 8 (40)
Trauma before the initial operation 11 (55)
Initial procedure
TAFRR 7 (35)
SCFRR 13 (65)
Bilateral 4 (20)
TOS procedures per patient 2.35
Initial success rate 14 (70)
Mean time to
Failure, monthsa 26.6 (3-120)
Reoperation, monthsb 21.7 (3-72)
Follow-up, months 43.3 (6-144)
SCFRR, Supraclavicular ﬁrst rib resection; TAFRR, transaxillary ﬁrst rib
resection; TOS, thoracic outlet syndrome.
aWhen ﬁrst symptoms became evident.
bAfter consultation for recurrent or persistent neurogenic TOS (nTOS).
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anatomic abnormality seen on CT, such as severe compres-
sion of neurovascular structures, was thought to contrain-
dicate physical therapy.
Compliant patients with improvement during physical
therapy were offered redo surgery after a minimum of
3 months of therapy, but preferably after 6 months. Select
patients with negative CT examinations were also offered
physical therapy and then surgery if the clinical ﬁndings
were thought compelling enough to indicate surgery.
Neither scalene nor pectoralis minor muscle blocks nor
electrodiagnostic studies were routinely obtained unless or-
dered by referring providers.
Repeat thoracic outlet exploration was accomplished
by the safest approach as dictated by symptoms and CT
ﬁndings using transaxillary or supraclavicular approaches.
The supraclavicular approach was typically selected for
abnormal muscle bands or reattachments involving the up-
per or middle trunks of the brachial plexus. Problems
involving the rib or the bed of the rib were approached us-
ing a transaxillary route. Extensive neurolysis was per-
formed of all nerve trunks involved in the scarred
operative ﬁeld. Pleurectomy was often an adjunctive proce-
dure to approach the proximal neurovascular structures
from the thorax for added safety.
Postoperative TOS physical therapy was prescribed.
Follow-up after the ﬁrst postoperative visit occurred at 3-
month intervals during the ﬁrst year and at 6 to 12 months
thereafter as dictated by clinical status. Patients without sig-
niﬁcant residual symptoms, off pain medication, and with
full return to work were considered improved or resolved.
CT protocol. All patients with recurrent nTOS under-
went a TOS protocol CT scan performed on a 64-slice
multidetector Aquilion 64 or Aquilion ONE 320 (Toshiba
Medical Systems, Tustin, Calif) in 64-slice mode. Contrast-
enhanced scanning was acquired in two postures, ﬁrst with
the arms at the side and then with repeat injection after the
arms were repositioned over the head. Each posture was
scanned from the mid-C3 vertebra to the midaortic arch. A
total of 200 mL iodinated contrast (350 to 370 mg iodine/
mL) was used, with 100 mL per position, most commonly
with a multiphasic injection: 35mL at 2.5 mL/s, then 65ml
at 1.6 mL/s, followed by a 20-mL saline chase at 1.6 mL/s,
with 65-second delay before the start of scanning. Injection
was into the arm opposite the symptomatic side.
Axial and multiplanar reformats were created using
2.5-mm slice reconstruction and a 280-mm ﬁeld of view.
Three-dimensional color volume rendering was also per-
formed. Among the most clinically useful reconstructions
were thought to be multiplanar reformats axial oblique par-
allel to the plane of the ﬁrst ribs. All scans were centered
symmetrically to display left and right.
A single TOS radiologist, who developed the original
protocol, interpreted all studies. Findings included bone
persistence, bone regrowth, scar tissue formation, and reat-
tachment of thoracic outlet (scalene) musculature. Prox-
imity of these abnormalities to the vasculature and upper
and lower brachial plexus was assessed in all cases.The identiﬁcation of scar tissue on CT scanning merits
description. Scar is usually inferred when excess tissue is
seen in a location that cannot be explained by a normal
anatomic structure or seen postoperatively. This tissue is
typically no more than 0.8 to 1.5 cm in thickness and no
more than 2 cm in extent and is very commonly associated
with calciﬁed rib regrowth. Scar tissue without rib
regrowth is not very common in this experience. It is some-
what subjective and perceptual, but also requires an under-
standing of normal postoperative anatomy, which our
radiologist has experience with. In most cases, after many
months of healing, scar tissue is not seen on the postoper-
ative CT scans of TOS patients. This suggests to us that the
normal expected scar that likely forms in most postopera-
tive patients is very thin and not visible on CT, even
though such a minor scar might be visible to a surgeon
on reoperation. In some cases, the presence of abnormal
scar can be inferred from distortion of adjacent anatomy
that should not occur, such as persistent posterior compres-
sion of the subclavian vein from scarring/reattachment of
the anterior scalene tendon to Sibson’s fascia after rib
resection.
RESULTS
The 20 patients (60% female) in the study group were
an average age of 34.8 years and underwent redo surgery
for neurogenic TOS after referral from other institutions
(Table I). Sixteen patients (80%) underwent transaxillary
ﬁrst rib resection with neurolysis. Mean follow-up was
43.3 months from the time of the redo surgery. Time to
failure after the initial operation was 26.6 months, and
time to operation after consultation for recurrent or persis-
tent nTOS was 21.7 months.
Of the seven patients who initially underwent transax-
illary ﬁrst rib resection, two subsequently underwent supra-
clavicular reoperation. Two of these patients had abnormal
scar tissue on CT, one had regrowth, and the rest had
Fig 1. Results from redo thoracic outlet surgery for neurogenic
thoracic outlet syndrome (nTOS). TAFRR, Transaxillary ﬁrst rib
resection.
Table II. Recurrent/persistent thoracic outlet syndrome
(TOS) computed tomography (CT) ﬁndings
Radiographic
pattern Mechanism Result
Bone persistence Bucket-handle effect Distraction of posterior
remnant
Sharp edges Nerve irritation/injury
Bone regrowth Scar tissue formation Nerve entrapment/
irritation
Scar tissue Compression/
inﬂammation
Nerve entrapment/
irritation
Intact scalene
muscle(s)
Attachment to
rib/pleura
Nerve entrapment
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who initially underwent supraclavicular resection subse-
quently underwent supraclavicular re-exploration. Three
patients underwent re-exploration with negative preopera-
tive CT scans; only one of these patients had a durable res-
olution of symptoms. Most of the 20 patients in this series
were treated with transaxillary rib resection.
On average, there were 2.35 operations per patient on
the index side for which the patient was originally referred.
Eighty percent of patients demonstrated improvement after
redo surgery (Fig 1). TOS CT was able to successfully pre-
dict the operative ﬁndings in 17 patients (85%). There was
no neurovascular injury, and 50% of patients underwent
pleural entry, typically as part of a planned pleurectomy
to facilitate safe exposure.
DISCUSSION
Reﬁnements in surgical technique for thoracic outlet
decompression are not new. The anatomic problems lead-
ing to compression of structures in the thoracic outlet have
been documented in detail4,5; however, characterizing the
redo thoracic outlet exploration as simply a “ﬁrst rib resec-
tion” minimizes the complex anatomy often found in these
patients. There is, however, an unmet need for reﬁned im-
aging to assist in the diagnosis of nTOS and to resolve the
unique anatomy of each patient. High-resolution multide-
tector CT has evolved signiﬁcantly, enabling highly
detailed multiplanar and 3D reconstruction, and represents
a new addition to the thoracic outlet surgeon’s armamen-
tarium. If multidetector CT is demonstrated to be accu-
rate, it would be a welcome addition to the preoperative
algorithm for patients with recurrent or persistent TOS
given the risks involved with re-exploration.
The ﬁrst systematic report of patients with thoracic
outlet re-exploration was by Roos6 in 1980. He reported
76 patients with recurrent nTOS and described a techni-
cally demanding procedure that could be successful,
although he cautioned that experience was required tomitigate the signiﬁcant risks. Urschel et al7 next reported
182 recurrences, although a signiﬁcant number of these pa-
tients would be better characterized with persistent nTOS
due to the presence of remnant ﬁrst ribs; 79% of patients
beneﬁted from secondary TOS surgery. Sanders et al8 pro-
vided a more sobering review of their 134 operations for
recurrent nTOS in 97 patients where long-term failures
occurred after the second operation in 50% of patients, un-
less recurrence was thought to be related to trauma.
Finally, more contemporary series from Lindgren et al,9
Ambrad-Chalela,10 Rochlin et al,11 Gelabert et al,12 and
Likes et al13 presented limited numbers of patients under-
going reoperation for recurrent nTOS with heterogeneous
patient characteristics and presentations, further empha-
sizing the need for more objective markers of nTOS recur-
rence for standardization.
Cross-sectional imaging was recognized as a potential
useful tool applied to TOS as ﬁrst described by Collins
et al14 in 1995 with the use of magnetic resonance imaging
(MRI) to demonstrate neurovascular compression.
Smedby et al15 next used an open MRI scanner for posi-
tional imaging in an attempt to document nTOS. They re-
ported that brachial plexus compression was visualized and
that the distance between the rib and clavicle in patients
with TOS symptoms was signiﬁcantly smaller than in con-
trols. Moreover, there was increasing evidence that neuro-
vascular compression was more likely to be seen on
imaging with proactive maneuvers in patients with symp-
tomatic TOS compared with asymptomatic volunteers.16
One difﬁculty with MRI that persists today is the rela-
tive inexperience of many surgeons with its interpretation
compared with the more easily understood and “real”
appearing CT imaging. In 2002 and 2004, Akal et al17
and Brantigan et al3 published feasibility studies using CT
angiography to demonstrate the anatomy of TOS with
increasingly striking resolution. MRI provides superior
soft tissue contrast resolution imaging but is degraded by
motion, is prone to artifacts, and is operator dependent.
CT provides better spatial resolution, is much less prone
to motion and other artifacts, and provides much better
display of bony anatomy. These factors, as well as local
expertise in CT, led to our preference to use CT over
MRI in the setting of postoperative nTOS.
Fig 2. Computed tomography (CT) angiography of the thoracic outlet demonstrates (A) inadequate previous rib
resections (arrow), (B) posterior rib remnant anterior subluxation (arrow), and (C and D) osseous islands adjacent to
neurovascular structures (arrows).
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persistence were identiﬁed (Table II). Bone persistence
from inadequate resection is the most obvious cause of
ongoing symptoms resulting from sharp edges causing
nerve irritation with a distraction of the posterior remnant
into the neurovascular structures (Fig 2, A and B). Bone
regrowth is another ﬁnding that may manifest as exuberant
callous formation that may cause nerve compression or
small islands of ossiﬁcation that may cause irritation
(Fig 2, C and D). This results from an incomplete extrap-
eriosteal bone resection during the ﬁrst operation that
leaves behind growth-promoting periosteum and even
bone fragments. We have often found at operation that
rib regrowth is a marker of signiﬁcant scar tissue formation
that can cause nerve entrapment and irritation.
Finally, an intact reattached scalene muscle (anterior or
middle scalene) can cause nerve or vascular compression. A
marker for this on CT may appear as persistent substantial
extrinsic compression of the subclavian vein by the anterior
scalene tendon, which may become reattached to the ante-
rior rib remnant or pleura. This is best seen with arm
elevated posture.
Our algorithm using a TOS CT includes recognizing
the pathophysiology and symptomatology of true recurrent
nTOS vs persistent nTOS vs a nonspeciﬁc diagnosis. The
ﬁrst piece of information sought from a TOS CT is evi-
dence for an incomplete resection. Such evidence in the
context of clear TOS symptomatology is an indication for
reoperation in our practice. Patients with an adequate pre-
vious resection but ﬁndings that meet criteria for a positive
study are placed on a TOS physical therapy protocol whereprogress and patient compliance help further reﬁne the de-
cision to reoperate.
Images without concordant symptoms of true brachial
plexopathy and the appropriate time course should be scru-
tinized for other etiologies. For instance, the typical presen-
tation of recurrent nTOS follows the time course of
symptomatic relief, followed by recurrent symptoms due
to the ingrowth of tissue or irritation by sharp edges. Persis-
tent nTOS can have a very transient period of symptomatic
relief, likely from neurolysis performed at initial operation,
but usually little to no beneﬁt is realized due to ongoingme-
chanical compression from residual structures.
Before the TOS protocol CT scan was initiated, the
surgeon would try to explore structures that seemed to
be involved in the recurrence. The dissection involved
the entire thoracic outlet. The surgeon would dissect the
structures beginning where the anatomy seemed most
normal and dissecting until the problem(s) were found.
The CT scan helps deﬁne the anatomy and allows the sur-
geon to plan the operation rather than perform a surgical
exploration. Once the anatomy of the problem is deﬁned,
the surgeon can choose the approach that is safest in his
or her hands. Our recommendation is that the supraclavic-
ular approach is best for abnormal muscle bands or reat-
tachments or problems involving the upper or middle
trunks of the brachial plexus. With problems involving
the rib or the bed of the rib, we recommend using a trans-
axillary route.
The most important part of our algorithm is that
despite a willingness to undertake challenging thoracic
outlet re-explorations, we remain highly selective and
JOURNAL OF VASCULAR SURGERY
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cedures, even in high-volume TOS practices. We continue
to recommend an extended trial of physical therapy by an
experienced TOS therapist; this is apparent in the relatively
long period between the diagnosis of recurrent nTOS and
intervention in this series. The goal for physical therapy is
to relax muscle spasm and gently mobilize the neck, shoul-
der, and arm. Physical therapy continues as long as there is
progress.
Traditionally, large residual rib remnants that are easily
seen on routine X-ray images helped make the diagnosis of
persistent nTOS. However, plain X-ray images are inade-
quate for visualization of more subtle bone regrowth, neu-
rovascular compression, and sharp edges, such as spikes,
that might unsuspectingly occur remote from what
appeared to be a straightforward remnant rib. We believe
that the TOS CT scan is important because it often brings
clarity to a difﬁcult diagnostic problem, thereby decreasing
anxiety of the patient and surgeon when embarking on a
treacherous reoperation. If the clinician believes, based
on the clinical presentation, that a patient has a recurrent
lower brachial plexus entrapment and a TOS CT angiog-
raphy shows a mechanical etiology (eg, a bony spike pro-
truding into the lower brachial plexus trunk), then the
clinician can proceed with a very informed decision. Simi-
larly, we have found that CT is also useful when it displays
scarring or rib regrowth in a key location or when neuro-
vascular structures are trapped in the gap between inade-
quately resected rib remnants. Thus, the CT facilitates a
more directed approach to the resection, allowing the reo-
perative surgeon to focus on the area of greatest interest.
The known limitations of a nonrandomized, retrospec-
tive investigation with a modest patient cohort exist in this
study. A randomized study would be almost impossible
because each patient with recurrent or persistent TOS is
so unique. Patients were selected not just by imaging ﬁnd-
ings but also by symptoms thought to be consistent with a
surgically treatable condition, which can introduce treat-
ment bias.
Many practices lack a radiologist with knowledge and
interest in TOS, which could limit the generalizability of
these results. Moreover, we do not have imaging data on
all patients seen in consultation for TOS to serve as addi-
tional control data. In addition, we do not have postoper-
ative cross-sectional imaging on patients who are doing
well. Finally, the use of functional survey data and scores
was not incorporated into this study because these were
not as reliably available as detailed clinic notes document-
ing patient progress.
A strength of this study is the use of an objective instru-
ment with clearly deﬁned anatomic patterns applied to the
thoracic outlet. In patients who have recurrent or persistent
TOS, CT often provides objective conﬁrmation that guides
treatment. Most of the techniques described in this study
are well within the capabilities of most major medical cen-
ters. The use of CT imaging must at present be considered
no more than a potentially useful adjunct in assessment
and decision making regarding treatment of patients withpersistent/recurrent nTOS absent more deﬁnitive data.
Further investigation will be required with more patients
from different practitioners and centers to validate these re-
sults. Moreover, ongoing studies to identify patients who
most beneﬁt from advanced imaging will be important
with the changing economic landscape in medicine.
CONCLUSIONS
This study describes the application of a TOS-speciﬁc
multidetector CT protocol to patients with recurrent or
persistent nTOS. The surgical risk is thought to multiply
during repeat TOS surgery. For that reason, there is clear
value in seeking objective evidence of an anatomic abnor-
mality in patients with recurrent or persistent symptoms
at the thoracic outlet. This study demonstrates that when
objective CT imaging ﬁndings are present with appropriate
symptoms, CT predicts with good accuracy the anatomic
abnormalities at reoperation that, when treated, are often
associated with symptomatic improvement. Thus, CT is
potentially useful for preoperative planning in this patient
population.
AUTHOR CONTRIBUTIONS
Conception and design: JG, CB
Analysis and interpretation: JG
Data collection: JG
Writing the article: JG, CB
Critical revision of the article: CB, KA, MN, RJ
Final approval of the article: JG, CB, KA, MN, RJ
Statistical analysis: JG
Obtained funding: Not applicable
Overall responsibility: JG
REFERENCES
1. Chang DC, Rotellini-Coltvet LA, Mukherjee D, De Leon R,
Freischlag JA. Surgical intervention for thoracic outlet syndrome im-
proves patient’s quality of life. J Vasc Surg 2009;49:630-5; discussion:
635-7.
2. Roos DB. Historical perspectives and anatomic considerations.
Thoracic outlet syndrome. Semin Thorac Cardiovasc Surg 1996;8:
183-9.
3. Brantigan CO, Johnston RJ, Roos DB. Appendix: use of multidetector
CT and three-dimensional reconstructions in thoracic outlet syndrome:
a preliminary report. Hand Clin 2004;20:123-6; viii.
4. Roos DB. Congenital anomalies associated with thoracic outlet syn-
drome. Anatomy, symptoms, diagnosis, and treatment. Am J Surg
1976;132:771-8.
5. Brantigan CO, Roos DB. Etiology of neurogenic thoracic outlet syn-
drome. Hand Clin 2004;20:17-22.
6. Roos DB. Recurrent thoracic outlet syndrome after ﬁrst rib resection.
Acta Chir Belg 1980;79:363-72.
7. Urschel HC, Razzuk MA, Albers JE, Wood RE, Paulson DL. Reop-
eration for recurrent thoracic outlet syndrome. Ann Thorac Surg
1976;21:19-25.
8. Sanders RJ, Haug CE, Pearce WH. Recurrent thoracic outlet syn-
drome. J Vasc Surg 1990;12:390-8; discussion: 398-400.
9. Lindgren KA, Leino E, Lepäntalo M, Paukku P. Recurrent thoracic
outlet syndrome after ﬁrst rib resection. Arch Phys Med Rehabil
1991;72:208-10.
10. Ambrad-Chalela E, Thomas GI, Johansen KH. Recurrent neurogenic
thoracic outlet syndrome. Am J Surg 2004;187:505-10.
JOURNAL OF VASCULAR SURGERY
474 Greenberg et al February 201511. Rochlin DH, Likes KC, Gilson MM, Christo PJ, Freischlag JA. Man-
agement of unresolved, recurrent, and/or contralateral neurogenic
symptoms in patients following ﬁrst rib resection and scalenectomy.
J Vasc Surg 2012;56:1061-7; discussion: 1068.
12. Gelabert HA, Jabori S, Barleben A, Kiang S, O’Connell J, Jimenez JC,
et al. Regrown ﬁrst rib in patients with recurrent thoracic outlet syn-
drome. Ann Vasc Surg 2014;28:933-8.
13. Likes K, Dapash T, Rochlin DH, Freischlag JA. Remaining or residual
ﬁrst ribs are the cause of recurrent thoracic outlet syndrome. Ann Vasc
Surg 2014;28:939-45.
14. Collins JD, Disher AC, Miller TQ. The anatomy of the brachial plexus
as displayed by magnetic resonance imaging: technique and application.
J Natl Med Assoc 1995;87:489-98.15. Smedby O, Rostad H, Klaastad O, Lilleås F, Tillung T, Fosse E.
Functional imaging of the thoracic outlet syndrome in an open MR
scanner. Eur Radiol 2000;10:597-600.
16. Demondion X, Bacqueville E, Paul C, Duquesnoy B, Hachulla E,
Cotten A. Thoracic outlet: assessment with MR imaging in
asymptomatic and symptomatic populations. Radiology 2003;227:
461-8.
17. Akal M, Cangir AK. Three-dimensional CT of thoracic outlet syn-
drome: report of three cases. Ann Thorac Cardiovasc Surg 2002;8:
45-6.Submitted May 10, 2014; accepted Jul 10, 2014.
